Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
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Supplemental Information
Concentrations of chemical constituents in water are given in either milligrams per liter (mg/L) or micrograms per liter (µg/L).
Water year (WY) is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. The U.S. Geological Survey, in cooperation with the U.S. Army Corps of Engineers, the Minnesota Pollution Control Agency, and the Lower Minnesota River Watershed District, collected suspended-sediment, bedload, and particlesize samples at five sites in the lower Minnesota River Basin during water years 2011 through 2014 and surrogate measurements of acoustic backscatter at one of these sites on the lower Minnesota River during water years 2012 through 2016 to quantify sediment loads and improve understanding of sediment-transport relations. Annual sediment loads were computed for calendar years 2011 through 2014.
Abbreviations
Data collected from water years 2011 through 2014 indicated that two tributaries, Le Sueur River and High Island Creek, had the highest sediment yield and concentrations of suspended sediment. These tributaries also had greater stream gradients than the sites on the Minnesota River. Suspended fines were greater than suspended sand at all sites in the study area. The range of median particle sizes matched the range for stream gradients from greatest to smallest. Bedload ranged from 3 to 20 percent of the total load at the Le Sueur River, Minnesota River at Mankato, and High Island Creek and was less than 1 percent of the total load at the Minnesota River near Jordan and at Fort Snelling State Park. The reach of the Minnesota River between Mankato and Jordan is a major source of sediment, with the sediment yield at Jordan being two and a half times greater than at Mankato. Between Jordan and Fort Snelling, the sediment yield decreases substantially, which indicates that the Minnesota River in this reach is a sink for sediment. Surrogate measurements (acoustic backscatter) collected with suspended-sediment concentration data from water years 2012 through 2016 from the Minnesota River at Fort Snelling State Park indicated strong relations between the acoustic backscatter and suspended-sediment concentrations. These results point to the dynamic nature of sediment aggradation, degradation, and transport in the Minnesota River Basin. The analyses described in this report will improve the understanding of sediment-transport relations and sediment budgets in the Minnesota River Basin.
Introduction
Sediment-laden rivers in Minnesota cost river users millions of dollars each year (U.S. Army Corps of Engineers, 2006; Minnesota Pollution Control Agency, 2009 ). Excessive sediment in rivers degrades water quality, is deleterious to aquatic habitat, may lead to increased navigation channel dredging, reduces recreational opportunities, and can transport harmful contaminants (U.S. Army Corps of Engineers, 2006; Minnesota Pollution Control Agency, 2009 ). The U.S. Army Corps of Engineers (USACE), Saint Paul District, is responsible for maintaining the navigation channels of the upper Mississippi River and several of its tributaries (including the lower 14.7 miles (mi) of the Minnesota River) from Minneapolis, Minnesota, to Guttenberg, Iowa (U.S. Army Corps of Engineers, 2001 Engineers, , 2007 . The Minnesota River is one of the largest tributaries to the Mississippi River in this region and is a primary source of sand that has to be dredged in the navigation channel upstream from Lake Pepin ( fig. 1 ). The local sponsor for the Minnesota River navigation channel is the Lower Minnesota River Watershed District and is responsible for managing dredge material. The Lower Minnesota River Watershed District either stores or sells the dredge material (Jon Hendrickson, U.S. Army Corps of Engineers, oral commun., various dates).
Suspended sediments in the Minnesota River have been analyzed for total suspended solids (TSS) by the Minnesota Pollution Control Agency since the early 1970s. The Minnesota River Basin contributes about 75 to 90 percent of fine sediments being deposited into Lake Pepin (Minnesota Pollution Control Agency, 2015; Engstrom and others, 2009 ). Lake Pepin is a natural riverine lake on the Mississippi River that was formed by the prograding Chippewa River delta at its downstream end (Minnesota Department of Natural Resources, 2016b; fig. 1 ). It also has been estimated that 24 to 30 percent of the TSS load entering the Minnesota River originates from the Le Sueur River; however, the Le Sueur River Basin constitutes only 7 percent of the basin area of the Minnesota River Basin (Minnesota Pollution Control Agency and others, 2007) .
The Minnesota Pollution Control Agency is addressing degraded water quality associated with large sediment loads by developing total maximum daily loads for the Minnesota River and the Mississippi River from the confluence with the Minnesota River to Lake Pepin. To meet the water-quality targets of the total maximum daily loads, a sediment-reduction strategy has been adopted to reduce sediment loads in the Minnesota River by 90 percent by 2040 (Minnesota Pollution Control Agency, 2015) . A possible confounding factor for the sediment-reduction strategy is that a previous study determined that the TSS concentrations were 50 percent smaller than suspended-sediment concentrations (SSCs) in Minnesota's rivers (Ellison and others, 2014) .
Isokinetic samplers are designed to sample the entire water column with the exception of the lowest 4 inches (in.) of the water column near the streambed, commonly referred to as the unsampled zone (Edwards and Glysson, 1999) . The unsampled zone is where bedload particles are transported by rolling, sliding, or bouncing along the streambed. Historically, bedload has been rarely sampled due to the difficulty and Introduction uncertainty associated with collecting and obtaining representative samples. In Minnesota, information is sparse regarding bedload and its contribution to total-sediment loads. Physical collection of suspended-sediment and bedload samples remains the most accurate and reliable method for determining sediment loads; however, physical samples do not provide real-time estimates of loads because of the frequency at which data are collected. In addition, the effects of hysteresis lead to uncertainty when using streamflow to predict sediment concentrations. Hysteresis occurs when changes in a physical property are different than changes in the streamflow. For example, clockwise hysteresis can occur when streamflows of the same value have a higher SSC on the ascending portion of the hydrograph when compared to the descending portion of the hydrograph (Knighton, 1998) , whereas counterclockwise hysteresis occurs when SSC peaks after the streamflow peak (Knighton, 1998) . The variation in SSC is controlled by the rate of supply, which is determined by season, sediment availability, drainage basin size, and the source location within the basin (Knighton, 1998) .
M i n n e s o t a R i v e r
The U.S. Geological Survey (USGS) has traditionally used streamflow as a surrogate to estimate SSC and sediment loads (Porterfield, 1972; Glysson, 1987; Nolan and others, 2005) . The surrogate relation, typically referred to as a sediment-transport curve, is derived by using regression analysis to develop the relation between streamflow and SSC. Ellison and others (2014) indicated that 7 out of 14 rivers sampled in Minnesota had poor or no relations between SSC and streamflow.
The uncertainties associated with streamflow and SSC relations have led to the adoption of new surrogate techniques to predict SSC. Acoustic backscatter measured by acoustic Doppler velocity meters (ADVMs) has been used with success to estimate SSC others, 2004, 2006; Wood and Teasdale, 2013) . The ADVMs emit an acoustic pulse that reflects off particles (assumed to be sediment), and the strength of the returned pulse is measured as backscatter (SonTek/Yellow Springs Instruments, 2007) . Theoretically, backscatter is greater when there are more suspended particles in the water and should be a more direct measure of SSC than streamflow.
The U.S. Geological Survey, in cooperation with the U.S. Army Corps of Engineers, the Minnesota Pollution Control Agency, and the Lower Minnesota River Watershed District, collected suspended-sediment, bedload, and particle-size samples at five sites ( fig. 1 ) during water years (WYs) 2011 through 2014 in the lower Minnesota River Basin. Surrogate measurements of acoustic backscatter at one of these sites on the lower Minnesota River during WYs 2012 through 2016 were used to compute sediment loads and improve understanding of sediment-transport relations. Annual sediment loads were computed for calendar years (CYs) 2011 through 2014. A WY is the 12-month period from October 1 through September 30, and is designated by the CY in which it ends. This study provides data from which to characterize suspended sediment and bedload across the lower Minnesota River Basin. These data provide a baseline that can be used in understanding future changes in climate, land use, stream restoration, and best-management practices that may affect sediment dynamics in the lower Minnesota River Basin.
Purpose and Scope
The purpose of this report is to summarize and interpret collected sediment data (suspended-sediment concentrations, bedload, and particle sizes) during WYs 2011 through 2014 and computed annual sediment loads during CYs 2011 through 2014 at five selected sites: three sites on the lower Minnesota River and two sites on tributaries to the Minnesota River downstream from the city of Morton ( fig. 1) . In addition, analyses of surrogate measurements of acoustic backscatter collected from an ADVM at one of the sites for WYs 2012 through 2016 are described to quantify sediment loads and improve understanding of sediment-transport relations. Specifically, the report describes: (1) the relation between streamflow and SSC and between streamflow and bedload at five sites (WYs 2011 through 2014); (2) the relation between the acoustic backscatter signal and SSC at one site (WYs 2012 through 2016); (2) particle-size characteristics for SSC and bedload (WYs 2011 through 2014); and (3) annual loads from suspended-sediment concentrations, sand concentrations, bedload, and total-sediment loads (CYs 2011 through 2014).
Description of the Study Area
The Minnesota River Basin encompasses 16,770 square miles (mi 2 ). The river flows from its origin near the border between Minnesota and South Dakota across south-central Minnesota for 335 mi to the Mississippi River near the city of Saint Paul, Minn. Land use in the basin is dominated by agriculture (Musser and others, 2009 ). Wetlands, known as prairie potholes, were once prominent in the basin, but most have been drained for agricultural use (Lenhart and others, 2011) . The geologic history that occurred in and near the Minnesota River Basin explains the presence of contemporary erosional features. The Des Moines Lobe of the Wisconsin ice sheet, which covered the basin approximately 12,000 years ago (Minnesota Pollution Control Agency, 2012) , transported large amounts of poorly sorted sediment from the north and west to the current (2016) Minnesota River Basin. Much of the basin was covered by a thick flatlying layer of unconsolidated material consisting of equal amounts of clay, silt, and sand. Lake Agassiz (not shown) began forming 11,700 years ago, and Lake Agassiz drained and formed glacial River Warren (not shown) 9,000 years ago (Minnesota Department of Natural Resources, 2016a). Glacial River Warren incised a large valley that created a drop in base level and is now partially occupied by the Minnesota River. The incision resulted in a highly erodible knickpoint, a break in the stream gradient of a river profile caused by erosion, which has migrated up the tributaries flowing into the Minnesota River. The break in stream gradient from the tributaries flowing into the Minnesota River made the tributary knickpoints highly erodible because the river was incising through fine-grained till (Minnesota Pollution Control Agency, 2011). For example, the current Le Sueur River knickpoint has traveled approximately 22 to 25 mi upstream since the incision to the present-day (Gran and others, 2009) .
Previous work by Schottler and others (2014) in Minnesota has shown that artificial drainage was the primary factor for an increase in streamflow and that climate and crop conversion explained less than one-half of the observed increase in streamflow. Belmont and others (2011) indicated that most of the sediment loading in the Minnesota River Basin has shifted from agricultural erosion to bluff and streambank erosion. The increase in streamflow in the Minnesota River has eroded wider channels (Schottler and others, 2014) . Lenhart and others (2013) showed that the Minnesota River has widened by 52 percent and shortened in length by 7 percent between Mankato and Saint Paul, Minn., since 1938.
Sampling Sites
Five sites within the Minnesota River Basin were sampled during this study ( fig. 1 ; table 1) and were numbered in order from upstream to downstream. The three sites located on the main stem of the Minnesota River were the Minnesota River at Mankato, Minn. (USGS station 05325000; hereafter referred to as "site 2"), Minnesota River near Jordan, Minn. (USGS station 05330000; hereafter referred to as "site 4"), and Minnesota River at Fort Snelling State Park, Minn. (USGS station 05330920; hereafter referred to as "site 5"). The two sites located on tributaries of the Minnesota River were the Le Sueur River near Rapidan, Minn. (USGS station 05320500; hereafter referred to as "site 1") and High Island Creek near Henderson, Minn. (USGS station 05327000; hereafter referred to as "site 3.") The Le Sueur River flows into the Blue Earth River, which in turn flows into the Minnesota River approximately 1.8 mi upstream from site 2. The Blue Earth River is substantially more sediment-laden when compared to the Minnesota River; therefore, the river may not be well mixed during high-flow events at site 2 because of the short distance between the confluence of the two rivers and site 2. The confluence of High Island Creek and the Minnesota River is approximately 21 mi upstream from site 4. Site 4 is assumed to be well mixed because of the longer distance from the confluence of High Island Creek and the Minnesota River to site 4.
The dynamic geologic history of the Minnesota River Basin led to variable stream gradients in the Minnesota River and its tributaries. The Minnesota River stream gradient gradually declines 274 feet (ft) over 335 mi from the headwaters at Big Stone Lake ( fig. 1 ) on the Minnesota and South Dakota border to the confluence of the Mississippi River in Saint Paul, Minn., with a mean drop in elevation of 0.8 foot per mile (ft/mi) (Minnesota River Basin Data Center, 2016; fig. 2 ). The stream gradient in the upper part of the basin from the Minnesota River at Morton, Minn., to site 2 was 1 ft/mi (MnTOPO, 2016; fig. 2) , and the stream gradient from site 2 to site 4 was 0.8 ft/mi (MnTOPO, 2016) . In the lower basin, the stream gradient from site 4 to site 5 was only 0.2 ft/mi (MnTOPO, 2016) . In contrast, tributary sites had greater stream gradients than sites on the Minnesota River. Site 3 had the largest stream gradients among the five sites; the stream gradient was 6 ft/mi from site 3 to the confluence with the Minnesota River (MnTOPO, 2016). The stream gradient was 5.5 ft/mi from site 1 to the confluence of the Blue Earth and Minnesota River (MnTOPO, 2016) .
Precipitation
Precipitation is a primary factor affecting sediment transport in the Minnesota River Basin because of its effect on streamflow. Precipitation varied from 2011 through 2014 in the lower Minnesota River Basin. During 2011, precipitation was less than the historical mean in the southern part of the basin and greater than the historical mean in the northern part of the basin (Minnesota Department of Natural Resources, 2016c). In 2012 and 2013, precipitation was less than the 
Streamflow
Annual mean streamflow also varied from WYs 2011 through 2014 in the lower Minnesota River. Annual mean streamflow in the lower Minnesota River was greater than the historical mean (WYs 2004 through 2014) in WY 2011 but lower than the historical mean in WYs 2012 (U.S. Geological Survey, 2016 . Because June 2014 was the wettest month on record in Minnesota, streamflow in the Minnesota River was in the 90th percentile to maximum percentile for the month of June (U.S. Geological Survey, 2016). The 90th-percentile duration streamflow value for a given day indicates a high-streamflow condition such that streamflows that are less than or equal to the value for the given day occur 90 percent of the time.
Methods of Data Collection and Analysis
This section describes methods used for collection of SSC, bedload, and particle-size samples, measurement of streamflow, collection of surrogate measurements of acoustic backscatter data, and analyses of all collected data. A total of five sites (table 1) were sampled for SSC, bedload, Water samples were analyzed for SSC and particle-size fractions less than 0.0625 millimeters (mm; categorized as fines). Particles greater than or equal to 0.0625 mm are categorized as sands. Bedload samples were collected at sites 3 and 5 during WYs 2011 through 2014 and at sites 1, 2, and 4 during WYs 2012 through 2014. Streamflow data were obtained from existing USGS streamgages (table 1 ). An ADVM at site 5 provided data for relating the acoustic backscatter signal to physical samples of SSC.
Suspended-Sediment Concentrations and Fine Particle Sizes
Depth-integrated suspended-sediment samples were collected at equal width intervals (EWIs) at all five sites during WYs 2011 through 2014 (and at site 5 during WYs 2015 and 2016); however, in WY 2011, samples from site 2 were collected at equal-discharge intervals (EDIs) to assess SSC variability across the stream transect. Samples were collected across stream transects using isokinetic samplers and procedures described by Edwards and Glysson (1999) . For collection of suspended-sediment samples, the stream width was divided into 10 equal widths for EWI samples or 5 equal-discharge increments for EDI samples, and each depth-integrated sample was collected at the centroid of each increment. Samples from each centroid were primarily kept in 1-pint glass bottles, with each sample contained within a single bottle. Under certain conditions, 1-quart glass bottles or 1-or 3-liter (L) plastic bags were used to collect the samples following procedures by Edwards and Glysson (1999) . Samples were transported to the USGS sediment laboratory in Iowa City, Iowa, to be analyzed for SSC and the fine (less than 0.0625 mm) particle-size fraction according to Guy (1969) .
Most SSC samples were collected using a D-74 rigid bottle sampler suspended from a bridge during nonwadeable flows or a DH-48 hand-held sampler during wadeable flows. When river depths exceeded 15 ft, a collapsible-bag sampler was used to collect the sample (Davis, 2005) .
For site 2, in addition to cross-section samples using EWI and EDI methods, a B-reel and D-74 rigid bottle sampler mounted inside an enclosure were used to collect point samples. The bridge-mounted sampler was on the upstream side of the bridge, above the centroid of the river, and was lowered to the bottom of the channel to collect a single vertical sample. An observer, under contract by the USGS, collected two to rol17-EMNQ00-0013_fig 02 
Bedload and Sand Particle Sizes
Bedload samples were collected concurrently with suspended-sediment samples during WYs 2011 through 2014 at all five sites. A BL-84, pressure-differential bag sampler (Davis, 2005) was used to collect bedload samples during nonwadeable flows or a BLH-84 hand-held sampler during wadeable flows. The mesh pore sizes of the bags used to collect bedload samples varied from 0.112 to 0.5 mm depending on site conditions. The single EWI method of collecting bedload samples (Edwards and Glysson, 1999 ) was used at all sites. Collection of bedload samples was accomplished by starting at one streambank and collecting one sample at 20 evenly spaced increments across the stream cross-section. Bag samples were transferred into 3-L plastic rigid containers and composited for analysis. Bedload samples were analyzed for total mass (grams) and nine sand particle-size distributions ranging from 0.0625 to 16 mm (Guy, 1969) . Also, the largest particle from each sample was measured during the analyses. The three axes of the largest particle were measured, multiplied together, and the cube root of the product was reported as the largest bedload particle (D100; table 1-1 in appendix 1).
where X is width, in millimeters; Y is height, in millimeters; and Z is depth, in millimeters. Analyses of bedload samples were completed at the University of Minnesota Civil Engineering Department by USGS Minnesota Water Science Center staff.
Streamflow Data
The USGS uses the relation between streamgage height (stage) and instantaneous streamflow measurements to generate continuous streamflow records (rating curve method; Rantz and others, 1982) . Instantaneous and daily mean streamflow data were obtained from USGS streamgages to develop the relation between streamflow and SSC and to compute annual sediment loads. Site 5 is within 1 river mile of the confluence of the Minnesota River and the Mississippi River, and the site is affected by backwater, so the stage-discharge method cannot be used to generate streamflow records. Instead, an alternative method called the index velocity method (Levesque and Oberg, 2012 ) was used to compute streamflow at site 5. The index velocity method computes streamflow by developing two ratings: the index velocity rating and the stage-area rating (Levesque and Oberg, 2012) . The outputs from both ratings, mean velocity and cross-sectional area, are multiplied together to compute streamflow (Levesque and Oberg, 2012) . The five sites in this study are continuous-record streamgages, and streamflow data are available at the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2016).
Acoustic Surrogate Data
Site 5 was equipped with a 1.5-megahertz SonTek™/ YSI Argonaut-SL ADVM beginning in September 2008. In 2010, the ADVM was destroyed during a flood event and was replaced with a new ADVM in 2012. The ADVM was installed to enable the computation of streamflow because of backwater effects; therefore, the programming of the ADVM is slightly different than methods recommended for using ADVM backscatter data as a surrogate for SSCs (Landers and others, 2016) . For example, the ADVM was programmed to collect backscatter using 5 cells, instead of 10, as recommended by Lander and others (2016) , and the ADVM was not equipped with a voltage conditioner, which is important for improving the quality of the backscatter signal. The ADVM measures backscatter (in units of decibels) in a horizontal sampling zone that consists of five equally sized discrete cells. The ADVM reports backscatter measurements collected and averaged over 12 minutes out of a 15-minute measurement interval. The backscatter data from the ADVM was used as a surrogate to develop the relation with physically measured SSC samples. The SSC predicted from mean sedimentcorrected backscatter (SCB) will hereafter be referred to as "acoustic surrogate SSC."
Data Analysis
Data analyses included the computation of summary statistics, the Kendall's tau statistic (Kendall, 1938 (Kendall, , 1975 , nonlinear regression analysis, Nash-Sutcliffe Efficiency (NSE; Nash and Sutcliffe, 1970) , acoustic surrogate model development, and the computation of annual sediment load estimates. Total-sediment loads were calculated using suspendedsediment loads and bedload. Two methods for estimating annual loads at site 2 were compared, and two techniques for estimating annual loads at site 5 also were compared. Outliers represent random errors and may result from mistakes that were made during data collection or natural anomalies that are inconsistent with the rest of the dataset. Identified outliers were removed before data analysis.
Kendall's Tau Statistic
The significance and strength of the relations between SSC and streamflow and between bedload and streamflow were evaluated using the rank correlation analyses (Kendall, 1938 (Kendall, , 1975 at each site because SSC and bedload data did not follow a normal distribution and were not linearly related. Rank correlation measures the strength of nonlinear relations based on ranks of the data (Helsel and Hirsch, 2002) ; calculated probability values (p-values) of less than 0.05 indicate a statistically significant monotonic relation. Rank correlation analysis produces the Kendall's tau statistic, which ranges from -1 to 1. Similar to Pearson's correlation coefficient, a positive tau indicates that SSC or bedload is increasing as streamflow increases, a negative tau indicates that SSC or bedload is decreasing as streamflow increases, and a tau not substantially different than zero indicates no relation between streamflow and SSC or between streamflow and bedload.
Development of the Nonlinear Models
A weighted nonlinear least squares regression approach was applied using the R statistical environment (R Development Core Team, 2011). Weighted least squares were used to generate estimates of model parameters that account for observed heteroscedastic variance of the residuals (residuals increased as streamflow increased) (Chaterjee and others, 2000) . Weights were estimated using ordinary nonlinear least squares. The R statistical environment was used to compute the relational slopes (B 2 ) between response (SSC and bedload) and explanatory (streamflow) variables. Weights were calculated using the following equation:
where W i is the weight applied to each measured value; Q i is streamflow, in cubic feet per second; and B 2 is the estimated slope between response and explanatory variables. Weights are used to assign each sample its proportionate amount of influence over the parameter estimates (Chaterjee and others, 2000) . Using weighted least squares, samples with less error (smaller residuals) are assigned more weight than samples with greater error (larger residuals). Using ordinary nonlinear least squares regression for this dataset would treat all data equally, giving samples with greater error more influence than they should have and giving samples with less error less influence. If there was a distinct pattern in the residuals, then a weighted nonlinear least squares regression approach was not carried out and a nonlinear least squares regression approach was used.
Nash-Sutcliffe Efficiency
Nash-Sutcliffe Efficiency (NSE; Nash and Sutcliffe, 1970) 
Development of the Acoustic Surrogate Model
The surrogate analysis and index developer (SAID) software tool (Domanski and others, 2015) was used to develop a simple linear model using acoustic backscatter data and measured SSCs at site 5 during WYs 2012 through 2016. The explanatory variable used to predict SSC was mean SCB. Raw measured backscatter, reported as signal-to-noise ratio by the ADVM, was processed by SAID through three separate corrections to the acoustic signal that included (1) attenuation of the acoustic signal due to beam spreading, (2) acoustic absorption by water, and (3) attenuation of the acoustic signal by sediment (Landers and others, 2016) . The SAID tool matched the physically collected SSC samples during WYs 2012 through 2016 with the mean SCB at the time closest to when an SSC sample was collected. The time difference was selected at 30 minutes. The resulting matched dataset (table 2) was used to develop a simple linear regression equation. Model results were evaluated using the SAID tool, which provides diagnostic plots, residual errors, and p-values to ensure the model meets the assumptions of the ordinary least squares (Helsel and Hirsch, 2002) . The SSC was log transformed with SAID and a bias correction factor was applied. The final acoustic surrogate model was used to generate a time series of estimated SSC values for CYs 2012 through 2014 at site 5.
Annual Load Estimates
Annual load estimates were computed using three different methods. These three methods are described below.
Acoustic Surrogate Data
The regression model using mean SCB to estimate SSC at site 5 (described in the "Relations Between SuspendedSediment Concentrations and Surrogate Measurements" section) was used to compute annual suspended-sediment loads at site 5. Mean daily values were calculated from the predicted acoustic surrogate SSCs and used to estimate daily suspendedsediment loads with the following equation (Porterfield, 1972) :
where Q s is the sediment load, in tons per day; Q w is the daily mean streamflow, in cubic feet per second; C s is the acoustic surrogate SSC, in milligrams per liter; and K is a coefficient (0.0027) that converts the units of streamflow and SSC into tons per day and assumes a specific gravity of 2.65 for sediment. The daily loads were summed for each year to obtain the annual suspended-sediment load for site 5.
R-LOADEST
The R-LOADEST package (Runkel and others, 2004; Cohn and others, 1989; R Development Core Team, 2011 ) was used to compute annual sediment loads for SSC, suspendedsand concentration, and bedload along with 95-percent prediction intervals for the five sampling sites. The R-LOADEST package (available at https://github.com/USGS-R/rloadest), an implementation in R of the LOAD ESTimator (LOAD-EST) program (Runkel and others, 2004) , uses the ratingcurve method (Cohn and others, 1989; Cohn and others, 1992; Crawford, 1991) by performing regression analyses between constituent loads and explanatory variables (typically streamflow, time, and a seasonal component).
The final models were selected through statistical evaluation, such as the coefficient of determination (R 2 ), p-values, and residual plots. Model selection was based on the largest R 2 , statistical significance (p-value less than 0.05), and residuals that did not show heteroscedasticity.
Graphical Constituent Loading Analysis System
Another established method for computing annual sediment loads, Graphical Constituent Loading Analysis System (GCLAS) (Koltun and others, 2006) , was used to compute the annual load and daily mean SSCs at site 2. The annual SSC and suspended-sediment discharge data are available online for site 2 at http://waterdata.usgs.gov/mn/nwis/ sw/ (U.S. Geological Survey, 2016). Loads are computed in GCLAS as a function of an equal-interval streamflow time series and an equal-or unequal-interval time series of SSC. The GCLAS program also was used to assess if there was a difference between the single vertical samples, which were collected from the bridge-mounted sampler, and SSC samples collected using EWI and EDI methods (Koltun and others, 2006) .
Streamflow, Suspended-Sediment Concentrations, Bedload, Particle Sizes, and Surrogate Measurements
Suspended-sediment and bedload samples were collected for a variety of streamflow conditions. Temporal and spatial distributions of the samples collected along the streamflow hydrograph are illustrated in figure 3. Flow-duration curves ( fig. 4) show the percentage of time that streamflow was equaled or exceeded along with the SSC sampling events associated with the given streamflow. Streamflow, SSC, bedload, suspended particle-size fractions, and bedload particle-size class distributions are presented in table 1-1 in appendix 1; data also are available at http://waterdata.usgs.gov/mn/nwis/ (U.S. Geological Survey, 2016). In this study, a total of 3 outliers out of 204 SSC samples were identified and removed because of unusually high percentages of sand for the respective streamflow (table 1-2 in appendix 1). High percentages of sand in SSC samples likely occur because the sampler was not reversed quickly enough, which causes the sampler to disturb the streambed and contaminate the sample. The other explanation for the high percentages of sand in SSC samples is that the nozzle dug into a sand dune (table 1-2 in appendix 1). Summary statistics for streamflow, SSC, suspended sands, bedload transport, and the bedload D100 particle size for the five sites are in table 3.
Suspended-Sediment Concentrations
Site 3 on High Island Creek had the largest stream gradient ( fig. 2 ) and the highest mean SSC (1,077 milligrams per liter [mg/L]) followed by sites 1, 4, 5, and 2, with mean SSCs of 432, 274, 222, and 194 mg/L, respectively (table 3). Site 3 also had the single highest SSC of 5,830 mg/L at a streamflow of 193 cubic feet per second (ft 3 /s) during a spring rainfall event in May 2012.
The Blue Earth River flows into the Minnesota River a short distance (approximately 1.8 mi) upstream from site 2. Because of this short distance, the cross-sectional variability was assessed to determine if the river was well mixed at site 2. Sampling entailed five discrete depth-integrated samples during three sampling events (May 26, June 30, and August 12) in 2011. The EDI method (Edwards and Glysson, 1999 ) was used to determine the location of the vertical sampling increments, and each sample at each of the five vertical increments was analyzed separately for SSC and particle-size fractions greater than 0.0625 mm. The results of the cross-sectional variability assessment are shown in figure 5 . The SSC and sand followed similar patterns for all three sampling events. Generally, the second and fourth verticals had the highest concentrations of SSC, and the first and second verticals were highest for sand-sized particles. Standard deviations were determined for each day from the five discrete samples and velocities. The standard deviations were 15, 10, and 12 mg/L for SSC and 13, 11, and 8 mg/L for sand-sized particles on May 26, June 30, and August 12, respectively. The velocity standard deviations were 0.5, 0.7, and 0.4 feet per second on May 26, June 30, and August 12, respectively. The standard deviations of SSC and sand-sized particles indicate that the river at site 2 is not perfectly mixed. The initial rank correlation analysis included the mean SSC concentration from the five discrete EDI verticals during the three sampling events; however, it was determined through the Kendall's tau analysis that the mean SSC from the discrete EDI verticals was not equal to the mean SSC from the EWI composite sample. Only SSCs collected using EWIs were used to calculate Kendall's tau statistic for site 2.
Bedload
Bedload samples were collected concurrently with SSC samples. Site 2 had the highest mean bedload of 341 tons per day followed by sites 1, 3, 5, and 4 (table 3). Differences in bedload transport rates among sites can be attributed in part to stream proximity to geologic features, streamflow magnitude, and streamflow velocities. The Minnesota River is actively down-cutting through thick layers of glacial till, and the stream gradient at site 2 is larger than the gradients at sites 4 and 5 downstream. The Le Sueur River and High Island Creek cut through easily erodible valley walls of the lower Minnesota River Basin. 
Particle Sizes
The percentage of fine-sized suspended sediment (less than 0.0625 mm) was greater than the percentage of suspended sand (greater than 0.0625 mm) at all sites (table 1-1 in appendix 1). Site 1 had the largest mean percentage of sand-sized particles in suspension at 37 percent. It was expected that percentages of sand-sized particles would decline as the stream gradient lessened, and this was observed in samples collected at sites 2, 4, and 5 ( fig. 6) , from upstream to downstream along the Minnesota River. The sites with the highest sand concentrations in suspension coincide with sampling sites that have the highest stream gradients in descending order (sites 3, 1, 2, 4, and 5; fig. 2 ).
Particle-size distributions provide insight on streamchannel bed-material response to geologic setting and stream energies and improve understanding of differences among the five sites. The five sites had varying distributions, with site 1 having the highest percentage of larger sized particles followed by sites 2, 3, 4, and 5 ( fig. 7) . The median particle size or D50 at sites 1, 2, 3, 4, and 5 were 1, 0.75, 0.64, 0.45, and 0.34 mm, respectively ( fig. 7) . Particle sizes indicate the composition of the material in the basin that could be made available for transport along the bottom of the rivers. Larger sized particles were located in the upper basin (sites 1 and 2) and were observed less frequently lower in the basin (sites 3, 4, and 5). Larger particle sizes are likely being deposited as they move downstream in the Minnesota River after site 2 and prior to reaching sites 4 and 5.
Relations Among Suspended-Sediment Concentrations and Bedload with Streamflow
Rank correlation analyses were used at each site to measure the strength of relations between streamflow and SSC and between streamflow and bedload. Kendall's tau statistics for relating SSC and bedload to streamflow are presented in table 4. Relations between streamflow and SSC and between streamflow and bedload are shown in figures 8 and 9, respectively. Sites 1, 2, 3, and 4 had significant relations (p-values less than 0.05) between SSC and streamflow and between bedload and streamflow throughout the entire range of samples collected over the study period. The weighted nonlinear least squares regression approach was carried out on sites 1 through 4 (table 5) but not for site 5 because the residuals followed a distinct pattern that violated the assumptions of the model. The approach used for the site 5 models, SSC and bedload, was the nonlinear least squares regression approach (table 5) .
For site 5, the scatter plots of the relation between SSC and streamflow and the relation between bedload and streamflow indicated the presence of two distinctly different relations, with the delineation points on the streamflow hydrograph at approximately 19,000 ft 3 /s ( fig. 8) fig. 9 ). Because there were two different relations between SSC and streamflow and between bedload and streamflow, the Kendall's tau correlation analyses were separated into two categories for SSC and bedload samples (table 4). SSC and streamflow correlations were stronger at streamflows less than approximately 19,000 ft 3 /s. Closer inspection of the data indicated that all of the samples collected at streamflows greater than 19,000 ft 3 /s were collected during the falling limb of the hydrograph; thus, all of the samples likely have negative bias because of the effects of hysteresis ( fig. 8 ). This negative bias would explain, in part, the observed negative relation between SSC and streamflow for samples collected at streamflows that exceeded 19,000 ft 3 /s. Backwater effects from the Mississippi River during higher streamflows and the Minnesota River spilling over its banks into the flood plain are two potential sources of variability in the relations between SSC and streamflow and between bedload and streamflow that may contribute to the negative relation between SSC and higher streamflows at site 5.
The largest Kendall's tau statistic between SSC and streamflow was at site 1 followed by sites 5 (streamflow under approximately 19,000 ft 3 /s), 3, 4, and 2 (table 4). Even though site 2 has a larger stream gradient than sites 4 and 5, the relation between SSC and streamflow at site 2 was not as strong as the relation at downstream sites 4 and 5. It is hypothesized that the weaker relation between SSC and streamflow at site 2 is because of increased variability in the samples. This increased variability is caused by poor mixing during high flows because of the proximity of the site to the confluence of the Blue Earth and Minnesota Rivers.
Surrogate Measurements
Surrogate measurements of acoustic backscatter at site 5 were used to quantify sediment loads and improve understanding of sediment-transport relations. The final acoustic surrogate model was used to generate a time series of estimated SSC values for comparison to streamflow. 
Relations Between Suspended-Sediment Concentrations and Surrogate Measurements
At site 5, 44 SSC samples were collected while the ADVM was installed (from WY 2012 through WY 2016); however, 6 of the 44 SSC samples were unavailable for model development because the acoustic records were missing or unusable. Of the 38 SSC samples available for model development, 4 were not used because 1 was deemed to be an outlier based on diagnostic statistics (Helsel and Hirsch, 2002) and the other 3 SSC samples did not have a relation with mean SCB (fig. 10 ). The one sample that was deemed an outlier either had elevated sand in the sample or an erroneous acoustic measurement ( fig. 10) . The other three SSC samples that were not used in the dataset were collected at low concentrations and the reflected acoustic signal may have been so close to the ADVM's noise level that the instrument could not differentiate the return from the ADVM's noise level. It was determined that SSC and mean SCB did not have a relation at mean SCB values less than 68.5 decibels. As described in the "Development of the Acoustic Surrogate Model" section, the final dataset of mean SCB matched to the time closest to when an SSC sample was collected (table 2) The fillMissing values function could not be used to estimate missing values from January 1 to February 5, 2012, and from October 9 to December 31, 2014, because no data were available prior to CY 2012 or after CY 2014 for interpolation. For these periods of missing data, it was assumed sediment transport was low because a previous study by Tornes (1986) indicated that sediment transport during the winter months in Minnesota accounted for less than 4 percent of the annual sediment loads. This assumption was supported by the SCB data collected during the winter months because it was notably lower compared to the other months. The missing SSC values for these time periods were estimated by using data from 2 years with available data collected during the study at site 5 (2013 and 2014 for January 1 to February 5, and 2012 and 2013 for October 9 to December 31) that had SSC values at similar streamflows to the same periods in 2012 or 2014, respectively. The mean of the two SSC values for each day during the periods with available data was used to fill the missing SSC values. In WY 2012, acoustic surrogate SSC peaked prior to three streamflow events (streamflow peaks occurred on May 11, June 3, and June 19). The largest acoustic surrogate SSC peak for 2012 was 1,290 mg/L on June 17, and the corresponding streamflow peak of 16,000 ft 3 /s occurred on June 19. The May 26 acoustic surrogate SSC peak was the smallest (500 mg/L) prior to the three largest streamflow peaks in WY 2012, and the June 3 streamflow peak was the largest (26,000 ft 3 /s) compared to the other two streamflow peaks in WY 2012. The timing and magnitude of the peaks varied in WY 2012, with the longest duration between the acoustic surrogate SSC peak and the streamflow peak occurring on May 26 and June 3, respectively. The shortest duration between the acoustic surrogate SSC peak and the streamflow peak occurred on June 17 and June 19, respectively.
In WY 2013, the acoustic surrogate SSC (800 mg/L) peak occurred 10 hours prior to the streamflow peak on March 31, 2013. After streamflow peaked, the river receded for 7 days to approximately 6,000 ft 3 /s and then began to ascend on April 8 to a streamflow greater than 6,000 ft 3 /s until the end of July. There was an acoustic surrogate SSC peak (June 21) that was much greater than the one on March 31. This short-duration peak was likely caused by an obstruction or disturbance near the acoustic device and not a streamflow event.
In WY 2014, historical rainfall totals in June caused a streamflow event greater than in 2012 and 2013. The acoustic surrogate SSC peaked (1,600 mg/L) on the ascending limb of the hydrograph (37,000 ft 3 /s) 5 days before the streamflow peak of 76,000 ft 3 /s on June 26, 2014. The highest predicted acoustic surrogate SSC occurred during a much smaller storm event in which streamflow peaked at 18,000 ft 3 /s on June 7 and surrogate SSC peaked (4,000 mg/L) on June 6 at a streamflow of 11,600 ft 3 /s. For WYs 2012 through 2014, the streamflow peaks on July 2, 2013, and June 26, 2014, are the two streamflow events that extended the farthest into the flood plain. When the streamflow was ascending in 2013 and 2014, acoustic surrogate SSC peaked and began a rapid recession as streamflow continued to ascend. In WY 2013, the sediment peaked at a lower SSC but at a higher streamflow than in WY 2014. These rapid recessions during elevated streamflows apparently led to sediment deposition in the flood plain and sediment storage in the channel. The stored sediment can be remobilized during subsequent high-energy streamflow events.
The three periods shown in figure 11 emphasize the variability of SSC compared to streamflow. Rarely do observed patterns of acoustic surrogate SSC match observed patterns in streamflow, which is commonly used to estimate SSC. The acoustic surrogate SSC also indicated that the timing and magnitude of sediment transport varied greatly over a variety of streamflow events.
Annual Sediment Loads
The annual suspended-sediment loads from R-LOADEST are shown on figure 12 and the information on the R-LOAD-EST regression models is included in table 6. The GCLAS loads for site 2 and acoustic surrogate SSC loads for site 5 are presented in tables 7 and 8, respectively.
Results from the annual load estimates indicate an increase in sediment loading between sites 2 and 4 ( fig. 12) . The sediment loading at site 4 was two and a half times greater than the sediment loading at site 5, which indicates that this reach of the lower Minnesota River is a sink for sediment. Apparently, the sediment loads at site 4 are exceeding the sediment transport of the river and are being stored in the channel between site 4 and site 5. Annual load estimates from R-LOADEST at sites 4 and 5 indicate there is more SSC load at site 4 ( fig. 12 ) even though there is overall greater streamflow at site 5 during the year. A decreasing stream gradient from site 4 to the confluence with the Mississippi River, backwater effects from the Mississippi River further decreasing the stream gradient, and streamflow that exceeds bankfull and enters the floodplain all contribute to deposition and storage of sediment.
Comparison of Load Calculations
Estimated annual loads for site 2 based on GCLAS are within the range of the 95-percent prediction intervals for annual loads estimated from R-LOADEST and are not statistically different (table 7) in CYs 2012 through 2014. In CY 2011, the estimated annual load for site 2 based on GCLAS was below the lower 95-percent prediction interval for the annual load estimated from R-LOADEST and was statistically different (table 7) . However, loads estimated using GCLAS are based on more samples for the 4 years and are assumed to be better estimates of annual loads than loads estimated using R-LOADEST.
Annual SSC loads estimated using the ADVM SCB at site 5 are within the range of the 95-percent prediction intervals of the annual loads from R-LOADEST for CYs 2012 through 2014 (table 8) . The R-LOADEST dataset did not have SSC samples available for ascending streamflows greater than 19,000 ft 3 /s from CYs 2012 through 2014. The annual SSC loads estimated using the ADVM SCB were calibrated from data collected from WYs 2012 through 2016.
The annual bedload contribution to the total annual loads was minimal at sites 4 and 5 and ranged from 0.02 to 0.8 percent, respectively. At remaining sites (1, 2, and 3), contributions of bedload to the total annual loads ranged from 3 to 20 percent. Site 1 contributed the greatest portion of bedload to the total annual loads ( fig. 12 ). Table 6 . R-LOADEST regression coefficients for the final models used to compute loads at five sites in the lower Minnesota River Basin, calendar years 2011 through 2014.
[USGS, U.S. Geological Survey; ln, natural log; Q, streamflow; DECTIME, decimal time; sin, sine; cos, cosine; R², coefficient of determination; p-value, calculated probability; Minn., Minnesota; --, cells are not computed; <, less than] 
Sediment Yield by Site
Mean annual sediment yields are shown in figure 13, which were determined by dividing the total annual load in figure 12 by the drainage area of each site in table 1 and computing the mean for the 4 calendar years. Comparing mean annual sediment yields across drainage areas provides insight on the relative measure of erosion rates. Among the five sites, the two tributaries to the Minnesota River had the highest mean annual sediment yields. Site 3 had the highest mean annual sediment yield of 1,054 tons per year per square mile ([tons/yr]/mi²), and the mean annual sediment yield at site 1 was 508 (tons/yr)/mi². Mean annual sediment yield at sites 4, 2, and 5 on the Minnesota River were 289, 120, and 98 (tons/ yr)/mi², respectively.
The sediment yield at site 4 is more than twice the yield at site 2. The reach from site 2 to site 4 is a primary source of large sediment inputs to the Minnesota River. The decrease in sediment yield between sites 4 and 5 is consistent with previously mentioned evidence of sediment deposition in the section of the Minnesota River and provides evidence that aggradation is continuing downstream from site 4. These results point to the dynamic nature of sediment aggradation, degradation, and transport in the Minnesota River Basin. 
Summary and Conclusions
Excessive sediment in rivers degrades water quality and aquatic habitat, increases navigation channel dredging, reduces recreational opportunities, and can transport harmful contaminants. The Minnesota River contributes a significant sediment load to the Mississippi River, and about 75 to 90 percent of the suspended sediment being deposited into Lake Pepin is from the Minnesota River. A substantial amount of sand dredged by the U.S. Army Corps of Engineers in the Mississippi River upstream from Lake Pepin originates from the Minnesota River.
This report documents findings based on sediment data collected by the U.S. Geological Survey (USGS) in cooperation with the U.S. Army Corps of Engineers, Minnesota Pollution Control Agency, and the Lower Minnesota River Watershed District. Sediment data were collected on the lower Minnesota River at Mankato, near Jordan, and at Fort Snelling and selected tributaries (Le Sueur River near Rapidan and High Island Creek near Henderson) to improve the understanding of fluvial sediment transport. Samples were collected for suspended sediment, bedload, and particle sizes at the five sites in the lower Minnesota River Basin during water years 2011 through 2014, and surrogate measurements of acoustic backscatter were collected at one of these sites on the lower Minnesota River during water years 2012 through 2016. Annual sediment loads were computed for calendar years 2011 through 2014.
Suspended-sediment samples collected from five sites during water years 2011 through 2014 indicated that High Island Creek near Henderson had the highest mean suspendedsediment concentration (SSC), and the Minnesota River at Mankato had the lowest mean SSC. Suspended fines (sediment smaller than 0.0625 millimeters) had higher concentrations than suspended sand at all sites. The Le Sueur River had the greatest mean percentage of sand-sized particles in suspension.
Bedload samples collected from the five sites during water years 2011 through 2014 indicated Minnesota River at Mankato had the highest mean bedload. Particle-size distributions are helpful in classifying the type of sediment in the bedload samples. Of the five sites, the median particle size in the bedload samples was 1, 0.75, 0.64, 0.45, and 0.34 millimeters at the Le Sueur River near Rapidan (USGS station 05320500), Minnesota River at Mankato (USGS station 05325000), High Island Creek near Henderson (USGS station 05327000), Minnesota River near Jordan (USGS station 05330000), and Minnesota River at Fort Snelling State Park (USGS station 05330920), respectively (hereafter sites 1, 2, 3, 4, and 5, respectively).
The variations in SSC, bedload, and particles sizes are related to the change in stream gradient between the five rol17-EMNQ00-0013_fig 13 sites. The greatest measured SSC and percentage of sand size particles were in the tributaries, which had the greatest stream gradients of the five sites. The decrease in particle sizes and stream gradient moving down the Minnesota River followed the same pattern. The Kendall's tau statistic was used to determine what sites had significant relations between SSC and streamflow and between bedload and streamflow. Sites 1, 2, 3, and 4 had significant monotonic relations between SSC and bedload to streamflow. Site 5 had a significant positive relation at streamflows less than approximately 19,000 cubic feet per second.
The SSCs estimated using acoustic backscatter at site 5 rarely matched observed patterns in streamflow, which is commonly used to estimate SSC. The acoustic surrogate SSC also indicated that the timing and magnitude of sediment transport varied greatly over a variety of streamflow events.
The sediment yield at site 4 was more than twice the yield at site 2, indicating that the reach upstream from site 4 is a primary source of sediment to the Minnesota River. The decrease in sediment yield between sites 4 and 5 is consistent with evidence of sediment deposition in that reach of the Minnesota River and provides evidence that storage of sediment is continuing downstream from site 4.
This study provides data from which to characterize suspended sediment and bedload across the lower Minnesota River Basin. The analyses performed in this report will improve the understanding of sediment-transport relations and sediment budgets. These data provide a baseline that can be used in understanding future changes in climate, land use, stream restoration, and best-management practices that may affect sediment dynamics in the lower Minnesota River Basin.
Appendix 1
A summary of sampling sites at which suspended-sediment samples and bedload samples were collected during water years 2011 through 2014 are provided in table 1-1. There were 201 suspended-sediment concentrations (SSCs) and 130 bedload values used in data analyses. Table 1 -1 is presented as a Microsoft Excel® spreadsheet and is available for download at https://doi.org/10.3133/sir20165174. 
